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ABSTRACT 

The recombination rate of electrons i n  a hypothe t ica l  plasma containing 

ions  of a molecule having both repuls ive  and bound n e u t r a l  states is ca lcu la t ed  

for  e l e c t r o n  d e n s i t i e s  between lo1' and 1 0  14 / cm3 and temperatures ranging 

from 250°K t o  2000OK. 

state loca ted  s u f f i c i e n t l y  close i n  energy t o  t h e  molecular ion,  values  

are obtained considerably i n  excess of t h e  co l l i s iona l - r ad ia t ive  recombination 

It is found t h a t  if t h e  molecule has a d i s s o c i a t i v e  

1 

rate for  systems possessing only bound states. 

1 

i 

5. 



INTRODUCTION 

Dissociat ive recombination’ of molecular ions with e l ec t rons  r equ i r e s  

a “crossinp“ between t h e  p o t e n t i a l  curves of the  m l e c u l a r  ion and some 

repuls ive  state of the  n e u t r a l  molecule t o  explain c e r t a i n  l a rpe  observed 

e l ec t ron  removal r a t e s  observed i n  decaying p l a s r a s  . 
s i t y  of such a c ross inp  can be avoided by includinp i n t o  t h e  scheme of 

co l l i s iona l - r ad ia t ive  recombination ,3 as applied t o  molecular ions,  one or 

more repuls ive  s t a t e s  ly ing  ene rge t i ca l ly  below t h e  molecular ion a t  a l l  

i n t e rnuc lea r  separat ions.  Such a l e v e l  could be expected t o  be populated 

a t  a r a t e  comparable t o  t h a t  f o r  an ene rpe t i ca l ly  equivalent  bound state. 

However, re- ionizat ion would be subs t an t i a l ly  less probable s ince  d i s soc ia t ion  

would occur, r a i s i n p  the  enerpy necessary for subsequent re - ion iza t ion  of t h e  

products by a t  l e a s t  an amount equal t o  the  d i s soc ia t ion  enerpy of t h e  mole- 

c u l a r  ion. Since t h e  n e t  r a t e  of e lec t ron  removal can be ccnsidered t o  be 

t h e  gross  rate of removal due t o  two-electron and r a d i a t i v e  recopbination less 

t h e  t o t a l  r a t e  of re- ionizat ion of r e s u l t a n t  excited! s t a t e s ,  a 8 h i n u t i a n  

of t h e  l a t te r  a s  described would r e s u l t  i n  an increase i n  t h e  n e t  e l ec t ron  

removal rate. 

d i s s o c i a t i v e  process toge ther  w i t h  quan t i t a t ive  r e s u l t s .  

2 However, t h e  neces- 

This paper presents  a mathematical m d e l  of such a c o l l i s i o n a l -  



THEORY 

In order  t o  f a c i l i t a t e  computation while preservinp Feneralized pro- 

p e r t i e s  common t o  a v a r i e t y  of r e a l  plasmas, t h e  ca l cu la t ions  discussed i n  

t h i s  paper were performed m a plasma cons is t inp  cf ions of a r a t h e r  idea l ized  

molecule. 

porated i n t o  the  molecular model: 

In  t h e  i n i t i a l  ca lcu la t ions  t h e  followinp p rope r t i e s  were incor- 

1. a s u b s t a n t i a l  d i ssoc ia t ion  enerpy f o r  t he  m l e c u l a r  ion,  a t  l e a s t  

s eve ra l  times t h e  thermal enerpy of t he  e l ec t ron  gas ,  

2. a sequence of p o t e n t i a l  curves represent inp the  pcss ib le  bnund 

e l e c t r o n i c  s t a t e s  of t h e  molecule havinp minima a t  s i m i l a r  i n t e rnuc lea r  

separa t ions ,  

3.  a hydrogenic spacing i n  enerpy of t h e  v i b r a t i c n l e s s  preund s t a t e s  

of each e l e c t r o n i c  p o t e n t i a l  curve, and 

4. population only i n  t h e  v ib ra t ion le s s  ground s t a t e  of each e l e c t r o n i c  

state. Such a system, althouFh hiFhly a r t i f i c i a l  has many cclrvon p rope r t i e s  

with the  proup of diatomic molecular systems which permit a united-atom 

descr ip t ion ,  such a s  molecular hydropen and heliurr. 

The p o s s i b i l i t y  of spontaneous d i s soc ia t ion  was introduced i n  two man- 

ners .  The first and s implest  w a s  used i n  the  maiori ty  of ca lcu la t ions .  Sub- 

sequently refinements w e r e  introduced t o  br ing  the  system i n t c  a c l e s e r  ap- 

proximation t o  real  molecular systems. 

In the  s implest ,  a l l  t h e  bound s t a t e s  f o r  a p a r t i c u l a r  hydrepenic e n e r u  

l e v e l  a r e  replaced by t h e  same number of d i s soc ia t in f  s t p t e s  ene rpe t i ca l ly  

eauiva len t  t o  t h e  bound s t a t e s  a t  t h e  in t e rnuc lea r  separa t ion  cf t he  l a t t e r .  
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# A .  
T . 

Figure 1 i l l u s t r a t e s  how such a system might be represented, t oge the r  

In t h i s  p a r t i c u l a r  example it is  t h e  with a derived energy l e v e l  diagram. 

t h i r d  e l e c t r o n i c  l e v e l  which has been made d i s s o c i e t i v e .  

Refinements cons is ted  of introducing a s i n g l e  d i s s o c i a t i n g  s t a t e  having 

an energy which in t e rpo la t ed  between t h e  hydrogenic values a t  t h e  equi l ibr ium 

i n t e r n u c l e a r  separa t ion  of t h e  bound states. As w i l l  be presented i n  t h e  

r e s u l t s ,  such a refinement was found t o  vary  t h e  e l e c t r o n  r eca rb ina t ion  rates 

subsequently ca l cu la t ed  only moderately while se rv ing  t o  introduce two spec ia l i zed  

a d d i t i o n a l  parameters which could not be e a s i l y  determined, were a comparison 

t o  be made t o  a r ea l  decaying plasma. 

O f  primary i n t e r e s t  t o  be derived from a study of t h i s  model plasma is 

t h e  value of t h e  rate a t  which e l ec t rons  are l o s t  from t h e  plasma by recombina- 

t i o n  w i t h  t h e  molecular ions. 

As i n  t h e  theory  of c o l l i s i o n a l - r a d i a t i v e  

recombination of protons and e lec t rons3  t h e  t i m e  rate of chan$e of the popula- 

t i o n  of t h e  ith e l e c t r o n i c  state i n  a decayinp plasna is given by t h e  following 

expression : 

d t  

where N 

and e l e c t r o n  dens i ty ,  r e spec t ive ly ,  A 

N+ and Ne are t h e  populations of t h e  jth exc i t ed  state,  ion dens i ty  
j 9  

and (Q..N 1 are t h e  t r a n s i t i o n  rates 
i j  17 e 

t h  from t h e  jth t o  t h e  i l e v e l  by spontaneous r a d i a t i o n  and i n e l a s t i c  o r  

s u p e r e l a s t i c  c o l l i s i o n s  w i t h  free e l ec t rons ,  r e spec t ive ly ,  a is t h e  c o e f f i c i e n t  

f o r  recombination from t h e  continuum t c  t h e  ith l e v e l  by r a d i a t i v e  and two 

e l e c t r o n  recombination, and Bi is t h e  r a t e  c o e f f i c i e n t  €or i on iza t ion  of t h e  
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s .  -. . 
ith leve l .  

l o s t ,  as given by t h e  bracketed term, is  l a rge  compared t o  t h e  rate a t  which 

t h e  e l ec t ron  dens i ty  is decreasing, then ITi can be expected t o  decay r ap id ly  

t o  a quasi-equilibrium value s a t i s f y i n g  equation (1) when the  l e f t  s ide  

If t h e  r a t e  a t  which individual  molecules In the  ith state are 

L 

is set equal  t o  zero. 

consequently an i n f i n i t e  set of equations l i n e a r  i n  t h e  K 's is  obtained. 

For manipulation t h e  set can be made f i n i t e  by consider inp t h e  hydrogenic sequence 

This can be expected f o r  a l l  l e v e l s  having i > 1 and 

j 

of  s t a t e s  t o  have a g r e a t e s t  quantun: number m &ove which t h e r e  is a Cap and 

t h e  continuum of free states. is  obtained f o r  t h i s  

p a r t i c u l a r  f i n i t e  set,m can be increased u n t i l  AZ,,, = 0 f o r  m p rea t e r  than some 

As a des i red  quant i ty  Z n 
n/ 

i n t e r g e r  K. 

Z c h a r a c t e r i s t i c  of t h e  i n f i n i t e  set .  

In t h i s  case Zm can be considered t o  have converged t o  a value 

Numeric values for  t h e  coe f f i c i en t s  needed i n  equation (1) can be obtained 

by ca lcu la t ing4  t h e  A i j ' s ,  us inp Bates' values5 f o r  t h e  r a d i a t i v e  recombination 

p a r t  of oN'N, and ca lcu la t inF  t h e  Q.. , Bi,  an6 c o l l i s i o n a l  F s r t  of oN+Ne by 

Gryzinski 's  method . 
weight, c h a r a c t e r i s t i c  of t h e  e l ec t ron ic  depeneracy, ecual t o  2 j 2  f o r  t h e  j 

l e v e l ,  was used. 

13  
6 In  these  la t ter  ca l cu la t ions  only a hydropenic s t a t i s t i c a l  

t h  

This is cons is ten t  with t h e  assumption ~f comon equi l ibr ium 

in t e rnuc lea r  s e p a r a t b n s  of the  various s t a t e s  s ince  a7proximetely equal 

r o t a t i o n a l  p a r t i t i o n  func t ions  would r e s u l t  and subsequently cancel.  

Dissociat ion of t h e  qth state is  represented by an add i t iona l  term i n  

the  qth equation of 

-A  N D q  

where AD is t h e  r a t e  coe f f i c i en t  fo r  spontaneous d i s soc ia t ion ,  t y p i c a l l y  on 

the order  10 - i o -  isec. Choosing a vaiue for t he  independent variable 13 lls 
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N and requi r ing  e 

N+ = Ne , ( 3 )  

Gaussian s u b s t i t u t i o n  was employed t o  reduce t h e  s e t  of m-1 l i n e a r  equat ions 

t o  a set of r e l a t i o n s  of t h e  form 

= a + biNl Ni i , (4) 

where i > 1, a. and b.  are derived c o e f f i c i e n t s  which are func t ions  of t h e  

value of N+ and Ne chosen, and X 

removal rate can now be obtained by f i r s t  t ak ing  the  de r iva t ive  of ( 3 )  

1 1 

is t h e  ground state population. The e l ec t ron  1 

dNe dN+ 
- = -  

d t  d t  

Conservation of  ma te r i a l  r equ i r e s  

( 5 )  

where t h e  sumed term represents  t h e  t c t a l  populaticn of exci ted  s t a t e s  and 

No is  t h e  population of a l l  atomic s t a t e s  r e s u l t i n p  from t h e  d i s soc ia t ion  of 

t h e  qth l e v e l  and subsequent c o l l i s i o n a l  r a d i a t i v e  processes.  

of (6) is  

The de r iva t ive  

Khenever a quasi-equilibrium has been es tab l i shed  and t h e  t o t a l  population of 

exc i t ed  states is small i n  comparison with t h e  charge d e n s i t i e s ,  term two i n  

equation ( 7 )  can be neglected.  Consequently combining ( 5 )  and (7 )  
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The t w o  terms on t h e  r i g h t  can be considered t o  be a c o l l i s i o n a l - r a d i a t i v e  

recombination rate and a co l l i s iona l -d i s soc ia t ive  recombination rate respec t ive ly .  

The term dNo/dt must equa l  t h e  gain of atomic states by d i s s o c i a t i o n  A N 

t h e  re - ion iza t ion  rate of t hese  s t a t e s .  

less 
D q  

The latter w i l l  be neglec ted  s ince  

i ts  inc lus ion  would r e q u i r e  a s u b s t a n t i a l  number of spec ia l i zed  assumptions 

about t h e  p a r t i c u l a r  form of t h e  d i s soc ia t ing  l e v e l  and t h e  sequence of atomic 

states subsequently populated. 

za t ion  is l a r g e r  after t h e  d i s soc ia t ion  by an amount equal t o  t h e  r epu l s ive  

However, s ince  t h e  energy requi red  for ion i -  

energy of t h e  d i s s o c i a t i n g  state plus t h e  d i s s o c i a t i o n  enerfg of t h e  molecular 

ion,  for a s t rong ly  bound ion t h i s  term w i l l  gene ra l ly  be negl igable  a t  a l l  

but t h e  high values of e l ec t ron  temperatures. Consequently 

dNO 
- = A N  
d t  D q  

Rewriting t h i s  as t h e  product of  a c a l l i s i o n e l - d i s s o c i a t i v e  r a t e  c o e f f i c i e n t ,  aD, 

and t h e  charge d e n s i t i e s  g ives  

0 + - =  aDN Ne = A N d t  D ¶  ' 

or s u b s t i t u t i n g  f r o m  (4) where i = q 

(10) 

S imi la r ly  t h e  c o l l i s i o n a l - r a d i a t i v e  recombination r a t e  of e l e c t r o n s ,  

, 'cR, -- -..---..-. u.=*A11=u 1T; t = F r s  cf B rate cctfficient " == Fn'lnW=. - d X T  I d t  be d - C Z , - d  
ul'l' 
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and computed as follows by substitutinp ( 4 )  into equat ion (1) with i = 1: 

J 

Then 

d Ne 
= - ( a  +a )N+N . 

CR D e 
- 
dt 

(14) 



- 8 -  

RESULTS 

In  p rac t i ce  it was found t h a t  f o r  e l ec t ron  temperatures i n  t h e  range 

1 4  250° t o  2000OK and e l ec t ron  d e n s i t i e s  varying from l o l o  - 10 /cm3, f r o m  

30 t o  50 l e v e l s  were required for the  populations of t he  var ious exc i ted  

states t o  converge t o  values which could be considered t o  be independent of m, 

t h e  number of bound l e v e l s  used i n  t h e  ca lcu la t ions .  S imi la r  r e s u l t s  were 

found for t he  rate coe f f i c i en t s ,  such as aCR, dependent on t h e  populations.  

Fig. 2 i l l u s t r a t e s  t h i s  with t h e  example of t h e  co l l i s iona l - r ad ia t ive  r a t e  

c o e f f i c i e n t  aCR f o r  recombination o f  hydrogenic ions  with e l ec t rons  i n  t h e  

absence of d i s soc ia t ing  l e v e l s  . As could be expected the  number of l e v e l s  

required for  convergence of the  various populations and recombination coef- 

f i c i e n t s  ca lcu la ted  depended s t rongly and inversely on t h e  e l ec t ron  temperature 

as w e l l  as the  e lec t ron  densi ty .  

50 l e v e l s  were used f o r  an  e lec t ron  temperature of 250°K, 40 f o r  500°K and 30 

f o r  higher temperatures. 

7 

3 For e l ec t ron  d e n s i t i e s  between lo1' and 1014/cm , 

Subsequent ca lcu la t ions  of the  population c o e f f i c i e n t s  ai and b i a s  

defined by equation (4) revealed t h a t  over t he  range of e l ec t ron  temperatures 

and d e n s i t i e s  examined empir ical ly ,  

ai >> lbiN I ¶ ( 1 5 )  1 

3 for  reasonable values  of N1( 1017/cm ) which could be expected t o  be found i n  

af terglow plasmas. 

l e v e l s  are l i t t l e  a f f ec t ed  by re-exci ta t ion of ground s t a t e  molecules a t  

temperatures not exceeding 2000OK. 

Physical ly  t h i s  impl ies  t h a t  t he  population of  t h e  exc i t ed  

Applying (15)  t o  equation (11) s i m p l i f i e s  t h e  ca l cu la t ion  of t h e  c o l l i s i o n a l -  

d i s s o c i a t i v e  recombination c o e f f i c i e n t ,  a , yie ld ing  D 
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Using a spontaneous d i s soc ia t ion  coe f f i c i en t  for t he  qth l e v e l  of 

13  
A = 10  /sec , (17) D 

values  for  a 

e l ec t ron  d e n s i t i e s  between l o l o  and 10 

a ,  b, c, and d shows t y p i c a l  behavior of a 

Ne and parametr ical ly  as a function of q for temperatures between 250°K and 

2000OK. The co l l i s iona l - r ad ia t ive  recombination rate a for non-dissociating 

molecules is shown for comparison. 

a s u f f i c i e n t l y  high quantum l e v e l ,  t h e  co l l i s iona l -d i s soc ia t ive  recombination 

rate can s u b s t a n t i a l l y  exceed t h e  regular  co l l i s iona l - r ad ia t ive  r a t e  for a 

non-dissociating molecule. 

were ca lcu la ted  for e lec t ron  temperatures of 250°K-20000K, D 
14 3 /cm , and a v a r i e t y  of q's .  Figure 3; 

as  a funct ion of e l ec t ron  dens i ty ,  D 

CR 

It  can be seen t h a t  f o r  d i s soc ia t ion  a t  

O f  greater importance is t h e  t o t a l  recombination r a t e  as defined by 

equation (14) or 

= a  + a  . (18) TOTAL D CR 
a 

The a 

a for a non-dissociating molecule such as  shown i n  Fig. 3; but r a t h e r  t h e  

aCR obtained by s u b s t i t u t i n g  the  ai and b. obtained from t h e  set of m 

equation descr ib ing  t h e  d issoc ia t ing  system and used t o  c a l c u l a t e  Q 

equation (1) .  

equation (13) is completely negl ig ib le  owing t o  r e l a t i o n  (15) and extremely 

appearing i n  t h i s  equation w i l l  not  i n  genera l  be t h e  same as t h e  
CR 

CR 

1 

i n t o  D 
Over t h e  range of parameters considered the  bracketed term i n  

small values of Q and B . Consequently, f o r  evaluat ion u can be wr i t t en  
jl 1 CP 
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This  c o l l i s i o n a p r a d i a t i v e  coef f ic ien t  is alnays 

(19) . 

s u b s t a n t i a l l y  smaller than 

t h e  corresponding coe f f i c i en t  for a non-dissociating system. 

Figure 4; a, b, c, and d present  t h e  r e s u l t s  of t h e  ca l cu la t ions  of t h e  

t o t a l  e l ec t ron  removal rate by recombination with molecular ions  possessing 

one hydrogenically spaced d i s soc ia t ing  l e v e l  of  2q2 states. 

r a d i a t i v e  rate aCR f o r  t h e  same system without t h e  d i s soc ia t ing  l e v e l  i s  

shown for  comparison. 

The c o l l i s i o n a l -  

Several  important f e a t u r e s  should be noted. The f i rs t  is t h a t  each 

curve i n  Figures 4a, b, c, and d approaches a s t r a i g h t  l i n e  with u n i t  s lope 

m as t h e  e l ec t ron  dens i ty  is  increased. 

for a non-dissociating system, t h e  inc lus ion  of a d i s soc ia t ing  l e v e l  a t  

markedly enchances t h i s  effect. 

Although t h e  same is t r u e  of t h e  a 

Consequently i f  

then  t h e  loss of e l ec t rons  by recombination i n  such a system w i l l  be t h i r d  

order  i n  t h e  charge dens i ty  over a wider range o f  e l ec t ron  d e n s i t i e s  than 

i n  a system including no d i s soc ia t ing  molecular l eve l .  

A second observat ion which can be  made is t h a t  although t h e  dependence 

o f  aD on t h e  e l ec t ron  dens i ty  is considerably more complex as shown i n  

Figures  3a, b,  c, and d,under c e r t a i n  condi t ions,  l a r g e  ranges of l i n e a r i t y  

e x i s t  i n  t h e  log a versus log N p lo ts .  The s lope again is un i ty  implying 

L i i a r ,  cIaaut,&g ( 2 O j ,  the rate of production of atoms by t h e  d i s soc ia t ion  of 
D e 

*L -L - - -_ _- - - 
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t h e  qth molecular l e v e l  is t h i r d  order i n  the  charge dens i ty  under these  

conditions.  Using 

where C is  a func t  

terms previously defined, t h i s  can be wr i t t en  

dNO 3 - =  
d t  

on only of q and t h e  e l ec t ron  temperature. 

(21)  

F ina l ly  t h e  d e t a i l e d  behavior of t h e  e l ec t ron  removal rate, as t h e  

quantum l e v e l  of d i s soc ia t ion  i s  var ied should be noted. It was found, as 

can be seen from Figures 4a, b ,  c and d ,  t h a t  t h e  t o t a l  e l ec t ron ,  and consequently 

ion, removal rate, aTOTAL, is never less than the  co l l i s iona l - r ad ia t ive  rate 

for  a non-dissociating system under t h e  same condi t ions.  Instead,  f o r  

d i s soc ia t ion  a t  s u f f i c i e n t l y  low quantum l e v e l s ,  q, t h e  two rates a r e  ap- 

proximately equal. This r e s u l t s  from t h e  fact t h a t  t h e  t o t a l  e l ec t ron  

removal rate can be considered t o  be t h e  gross rate a t  which e l e c t r o n s  are 

removed by recombining events  less the  rate of r e ion iza t ion  of t h e  r e s u l t a n t  

bound states. Since, f o r  t he  system out l ined  f o r  s tudy here ,  t he  former is 

unaffected by the  presence o r  absence cf d i s soc ia t ing  states of t h e  n e u t r a l  

molecule, t h e  n e t  e l ec t ron  removal r a t e  can be increased only by a diminution 

of t h e  rate of re- ionizat ion of exci ted bound s t a t e s .  

For moderate temperatures and d e n s i t i e s  s tud ied  here ,  s u f f i c i e n t l y  l o w  

quantum l e v e l s  e x i s t  f r o m  which re - ion iza t ion  and re -exc i ta t ion  t o  more 

r e a d i l y  ionized l e v e l s  is  negl ig ib le .  

l e v e l  are "ef fec t ive ly  catpured", any f u r t h e r  reduct ion i n  t h e  rate of  re- 

ion iza t ion  o r  re -exc i ta t ion  of  these l e v e l s  by d i s soc ia t ion  w i l l  have a 

neg l ig ib l e  effect on t h e  t o t a l  r a t e  a t  which free e l ec t rons  a r e  produced 

by re- ionizat ion.  

with and without d i s soc ia t ion  a t  q = 4 a t  2000OK and 1013 electrons/cm3, i n  

Since a l l  t h e  e l ec t rons  in  such a 

Figure 5a, which shows t h e  exc i ted  s t a t e  populat ions both 
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comparison with Figure 4d i l l u s t r a t e s  t h i s  e f f ec t .  

d i s soc ia t ing  l e v e l  a t  q = 4 serves  t o  depress only t h e  populat ions of t h e  four th  

Introduct ion of a 

and lower-lying quantum leve ls .  

depressed, re -exc i ta t ion  of t h e  four th  quantum l e v e l  can be neglected and 

consequently, re- ionizat ion from it,as t h e  l a t t e r h  ene rge t i ca l ly  even less 

feas ib l e .  

and consequently, t h e  n e t  e l ec t ron  removal rate would be unaffected by t h e  

d issoc ia t ion .  

ind is t inguishable  from aCR, ca lcu la ted  i n  t h e  absence of d issoc ia t ion .  

Since higher-lying l e v e l s  are not appreciably 

It could thus  be expected t h a t  t h e  t o t a l  rate of re-ionization 

Figure 4d v e r i f i e s  t h i s  expectat ion showing aTOTAL t o  be 

Conversely, if the  l e v e l ,  9, a t  which d i s soc ia t ion  occurs is s u f f i c i e n t l y  

high t h a t  s u b s t a n t i a l  re- ionizat ion r e s u l t s  from it or i f  t h e  in t roduct ion  

of d i s soc ia t ion  a t  q has served t o  depress  t h e  populations of higher  ly ing  

l e v e l s  ind ica t ing  t h a t  re-exci ta t ion from q t o  higher l y ing  l e v e l s  w a s  not 

neg l ig ib l e ,  t h e  n e t  e l ec t ron  removal rate could be expected t o  be s i g n i f i c a n t l y  

increased by v i r t u e  of a subs t an t i a l  diminution of t h e  r a t e  a t  which free 

e l ec t rons  are produced by re-ionization. 

which d i s soc ia t ion  occurs a t  q = 6, i l l u s t r a t e s  t h e  depression of t h e  higher- 

l y i n g  l e v e l s ,  and Figure 4d t h e  r e su l t i ng  increase  i n  t h e  n e t  e l ec t ron  removal 

Figure 5b, which p resen t s  t h e  case i n  

rate a ~ ~ ~ ~ ~ -  

Inherent i n  t h e  determinations of a and aTOTAL under t h e  var ious  

D' 

D 
condi t ions examined has been t h e  necess i ty  of assuming a value for A 

c o e f f i c i e n t  of spontaneous d i s soc ia t ion  fo r  t h e  d i s soc ia t ing  l eve l .  

i n  equation (17) t h e  value used i n  these  ca l cu la t ions  w a s  1013/sec. 

t h e  preceeding ana lys i s  of t h e  de t a i l ed  mechanism which a t t r i b u t e s  t h e  

increase  i n  aTOTAL t o  a reduct ion of t h e  rates of re- ionizat ion and re -exc i ta t ion  

cf the qth  l e v e l  caused zji the rmipetiiig ~ n x e s s  05 d i s soc ia t ion  suggests  t h a t  

t h e  

As s t a t e d  

However, 
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a type of s a tu ra t ion  should occur whenever i t s  rate c o e f f i c i e n t ,  AD, greatly 

exceeded t h e  coe f f i c i en t s  for  other  loss mechanisms from the  l e v e l ,  such as 

s u p e r e l a s t i c  c o l l i s i o n s  with e lec t rons .  

molecules i n  t h e  qth state would d i s soc ia t e  and a f u r t h e r  increase  i n  A 

In  t h i s  case e s s e n t i a l l y  a l l  of 

D 
would y i e l d  no greater production of atomic spec ies  s ince  t h e  rate would 

then be l imi t ed  by t h e  rate a t  which electrons entered t h e  qth leve l .  Figure 

6 presei;ts +--:a bypt."La: r e s u l t s  -jerifjjiiig the gensri;: abseiiee of a dependeace 

of t h e  co l l i s iona l -d i s soc ia t ive  recombination rate aD on t h e  spontaneous 

d i s soc ia t ion  rate A a t  2000OK and electrons/cm . Only the  s l i g h t e s t  

v a r i a t i o n  can be seen for  q = 18 and A = 1 2  /scc, condi t ions under which 
D 

spontaneous d i s soc ia t ion  comprises only about 90% of t h e  t o t a l  loss rate from 

t h e  18th  l eve l ,  

greater than t h e  loss rate by other  processes ,  shows no appreciable  dependence 

of aD on AD. 

rates i s  p r inc ipa l ly  by supe re l a s t i c  c o l l i s i o n s  with e l ec t rons ,  a process 

having a small rate dependence on temperature, r e s u l t s  a t  lower temperatures 

should d i f f e r  l i t t l e  f r o m  those shown i n  Figure 6. Consequently AD need not 

be considered a s i g n i f i c a n t  parameter f o r  t h e s e  ca l cu la t ions  as long as it 

is of t h e  order  of a spontaneous d issoc ia t ion  rate, 10 

3 
D' 

12 

Dissociation a t  lower  q's,  f o r  which A i s  orders  of magnitude 
D 

Since t h e  t o t a l  non-dissociative loss rate from t hese  higher  

13 /sec. 

Examination of t h e  r e s u l t s  presented i n  Figures 3 and 4; a,  b ,  c, and 

d r evea l  no simple dependence of e i t h e r  aD o r  aTOTAL on electron temperature, 

Only t h e  genera l  observation can be made t h a t  a 

e l ec t ron  temperature than t h e  normal c o l l i s i o n a l  r a d i a t i v e  rate for  non- 

d i s soc ia t ing  systems, 

any p a r t i c u l a r  l e v e l  q ,  t h e  r a t i o  of a 

d i s soc ia t ing  system decreases with decreasing temperature. 

has a weaker dependence on D 

This is evidenced by t h e  f a c t  t h a t  f o r  d i s soc ia t ion  a t  

t o  t h e  a D CR 
c h a r a c t e r i s t i c  of a non- 
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Complications i n  applying these results t o  real molecular systems rest 

i n  certain s impl i f i ca t ions  introduced i n t o  t h e  bas i c  model t o  represent  t h e  

d issoc ia t ion .  Thus far, as discussed previously,  it has been assumed a l l  

2q' states of a d i s s o c i a t i v e  l e v e l ,  a_, dissoc ia ted ,  when i n  a real system a 

mixture of bound and d i s s o c i a t i v e  states might be included i n  a p a r t i c u l a r  

leve l .  Even more probable is t h a t  the  energy of a d i s soc ia t ing  state a t  t h e  

appropr ia te  i n t e rnuc lea r  separa t ion  w i l l  l i e  between t h e  hydrogenic energ ies  

of t h e  bound leve ls .  

considered having t h e  following proper t ies :  

Consequently>a modification of t h e  o r i g i n a l  m o d e l  was 

1. t h e  d i s soc ia t ing  state or states introduced a r e  represented by a 

l e v e l  on t h e  energy l e v e l  diagram having a quantum de fec t ,  o r  a non-integral  

e f f e c t i v e  p r inc ipa l  quantum number, and 

2. t h e  statist ical  weight of the  d i s soc ia t ing  state i s  introduced as an 

independent var iable .  

Using t h i s  model, values f o r  a and a were ca lcu la ted .  ' It was D TOTAL 

found t h a t  i n  most cases  ne i the r  the in t e rpo la t ion  of t he  e f f e c t i v e  quantum 

number nor a degeneracy of uni ty  rather than t h e  2q 2 of t h e  previous model 

caused va r i a t ions  outs ide  t h e  range of a r b i t r a r i n e s s  inherent  i n  t h e  ine las t ic  

cross-sect ions employed i n  the  computations, a factor of two or t h ree .  

with a u n i t  s ta t is t ical  weight t h e  values of aTOTAL for  in t e rpo la t ed  quantum 

l e v e l s ,  q' , were found t o  continuously approach - t h e  va lues  obtained fo r  

complete d i s soc ia t ion  of a l l  states of t h e  qth l e v e l  as q' approached t h e  

i n t e g r a l  q. 

Generally 

The exceptions occurred under the combination of high quantum number 

of d i s soc ia t ion  and high e l ec t ron  density.  

e l ec t ron  removal r a t e ,  dominated by a 

Under these  condi t ions  t h e  to ta l  

i s  t h e o r e t i c a l l y  found t o  pass t o  an 
D' 
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asymptotic form dependent on both A , and t h e  number of s t a t e s  assumed 
D 

d i s soc ia t ing .  Consequently a t  these higher quantum l e v e l s  a should ap- 

proach a s u b s t a n t i a l l y  lower value as q' approaches q. 

both types of behavior as q' approaches q for  the  case of a 2000OK plasma 

containing 10 electrons/cm . 

D 
Figure 7 i l l u s t r a t e s  

13 3 

The asymptotic form of a for  high quantum l e v e l s  can be derived by 
D 

wri t ing  it i n  the form 

- * D N s  a -  
N+N, 

(22) 

For s u f f i c i e n t l y  high l e v e l s  t h a t  the  re - ion iza t ion  of t he  qth l e v e l  is 

g r e a t e r  than t h e  n e t  unbalanced downward loss rates including d i s soc ia t ion ,  

then t h e  qth l e v e l  w i l l  be i n  Saha equi l ibr ium with t h e  free electrons and 

t h e  population w i l l  be given by 

where g , g+ and g- are the  s t a t i s t i c a l  weights of t h e  d i s soc ia t ing  l e v e l ,  

ion,  and free e l ec t ron  respec t ive ly  and Iq  is t h e  ion iza t ion  p o t e n t i a l  of 

t h e  qth state, o ther  terms having conventional meanings. 

(22) and letting Iq + 0 ,  

9 

Subs t i t u t ing  (23) i n  

(210 

Figure 7,  shows t h a t  f o r  t h e  case of a s i n g l e  d i s soc ia t ing  s t a t e  aD is ap- 

proaching t h e  asymptotic limit fny l a r g e  q s  

c m  /sec under these  condi t ions,  

c a l ~ d : a t ~ d  by (2 i+ j ,  of 2,33x10e3 
3 
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A t  t h e  lower l e v e l s  of d i s soc ia t ion  it can be seen t h a t  t h e  value of 

aD f o r  d i s soc ia t ion  of a s i n g l e  in te rpola ted  l e v e l ,  q' should be continuous 

with t h e  value f o r  d i s s o c i a t i o n  of a l l  2q2 states of t h e  next lowest i n t e g r a l  

l e v e l  q by considering t h a t  t h e  q' state must pass  t o  a l i m i t i n g  case as q' 

approaches q i n  which it i s  but  one of t h e  degenerate states of t h e  qth l e v e l .  

Writing equation (1) for t h e  qth l e v e l  containing t h e  q' state, denoting t h e  

ga in  terms by G ,  and including t h e  d i s s o c i a t i v e  l o s s  

t 

- 1= J 
d t  

As a degenerate subleve l  t h e  population N can be wr i t t en  
9' 

which when s u b s t i t u t e d  i n t o  (25) and c o l l e c t i n g  terms gives  

n 

For terms having s u f f i c i e n t l y  low q t h a t  t h e  term i n  bracke ts  is n e g l i g i b l e  

compared t o  t h e  last term i n  t h e  denominator, 

2q2G 

AD 
N = -  (28) 

and from (26)  
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Consequently t h e  rate a t  which e l ec t rons  are captured by t h e  c o l l i s i o n a l  

d i s s o c i a t i v e  process  i s  

dNO - = A N  = G  , 
D q' d t  

(30) 

t h e  rate a t  which molecules e n t e r  t h e  qth l eve l .  

2 Fer dirsociatian of all 2q states the N in equation (25) is rep laced  

leaving  t h e  bracketed term i n  t h e  denominator of (27)  t o  be compared 
9 

by N 

with AD r a t h e r  than AD/2q . Since t h e  bracketed terms are v i r t u a l l y  t h e  

same for  both cases, they  can be neglected f o r  l a r g e r  values  of q i n  t h e  

case of d i s soc ia t ion  of a l l  2q 

9 
2 

2 s t a t e s  g iv ing  

and 

I n  comparison with (301, equat ion ( 3 2 )  e s t a b l i s h e s  t h e  con t inu i ty  for t h e  

t w o  cases as q' approaches q provided t h a t  q is  s u f f i c i e n t l y  

bracketed loss term i n  t h e  denominator of (27) is neg l ig ib l e  

so t h a t  equat ions ( 3 0 )  and with A /2q and consequently, 

p l i cab le .  

2 
AD , D 

small t h a t  t h e  

i n  comparison 

(32) are ap- 

In p rac t i ce ,  provided n e i t h e r  q nor  N is  too l a rge ,  l i t t l e  error e 

would be introduced i n  consider ing t h e  value of yOTAL, c h a r a c t e r i s t i c  of a 

molecular system containing a s ingle  non-degenerate r epu l s ive  s ta te  with an 

e f f e c t i v e  non-integral  quantum number q', t o  be equal  t o  t h e  uTnrAr, for t h e  
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simple case of t o t a l  d i s soc ia t ion  of t h e  qth hydrogenic l e v e l  as shown i n  

Figures 4; a, b, c, and d and where q is chosen t o  be the  l a r g e s t  i n t e r g e r  

less than 9'. 

and Figure 4; a, b, c, and d present only values of q which are s u f f i c i e n t l y  

l o w  t h a t  use of t h i s  approximation would introduce error l e s s ' t h a n  a f a c t o r  

of 2.5 for  d i s soc ia t ion  through s t a t e s  having non-intergral  p r i n c i p a l  

quantum numbers and m u l t i p i i c i t y  not exceeding 2q-. 

Detailed ve r i f i ca t ion  of t h i s  approximation was conducted 

7 

It should be noted t h a t  w e r e  the  d e t a i l e d  p o t e n t i a l  curves of t h e  molecule 

completely known, i n  t h e  case of a s i n g l e  d i s soc ia t ing  state t h e  f ic t ion  of 

t h e  e f f e c t i v e  non-integral  quantum number of t h i s  l e v e l  would be replaced 

by a f i n i t e  group of e f f e c t i v e  quantum numbers represent ing  s e c t i o n s  of t h e  

repuls ive  curve which were consequently func t ions  of t h e  in t e rnuc lea r  separation, 

each with its assoc ia ted  AD incorporating t h e  apbropriate  overlaps i n t e g r a l .  

Application of a l imi t ing  process in  which t h e  repuls ive  curve w a s  divided 

successively f i n e r  would y i e ld  a more realist ic a 

i n s e n s i t i v i t y  of a of A 

energy of t h e  d i s soc ia t ing  l e v e l  suggests t h a t  such a process would y i e l d  

r e s u l t s  varying l i t t l e  from those o f  Figure 4; a ,  b, c ,  and d. 

However consider ing the  D* 
a t  low quantum l e v e l s  as w e l l  as t o  t h e  exact  D D 
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DISCUSS I ON 

As discussed previously, large electron-ion recombination rates have 

been observed in gases capable of forming molecular ions'. Prior interpreta- 
1 tions relied upon dissociative recombination 

difficulty in some instances, notably helium . 
recornhination offers a possible alternative explanation since it must occur 

to some extent for all gases capable of forming molecules having one or more  

dissociative states energetically below the ionization limit. The question 

of degree is the factor determining whether or not collisional-dissociative 

recombination need be considered as an alternative to dissociative recombination 

and collisional-radiative recombination of the molecular ions fcrmed. 

of the molecular ions with 

Collisional-dissociative 8 

The theoretical treatment conducted here gives an indication of the 

degree of importance of collisional-dissociative recombination of electrons 

with molecular ions. Certainly at higher electron densities in all plasmas 

containing molecular systems possessing high-lying repulsive states, it is 

a necessary consideration. 

whose molecular states approximate united-atom.conditions, thus possessing 

hydrogenicallyspaced energy levels, the best agreement with the theory of 

collisional-dissociative recombination could be expected. 

For those gases, such as hydrogen and helium, 

Molecular helium, in particular, Dossesses states whose energy spacing 

is quite a good approximation to hydrogenic above the third level. 

the molecular ion is strongly bound and the principal population of each state 

apparently lies in the vibrationless ground state of each level as evidenced 

by spectroscopic data. 

equal equilibrium internuclear separation , molecular. helfiiiii 5s realist2ctll.y 

In addition 

Since, in addition the excited states have approximately 
9 
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approximated by t h e  idea l i zed  molecule of t h i s  s tudy 1 0  . P.lthough no r epu l s ive  

states are known t o  e x i s t  f o r  molecular helium, o the r  than t h e  ground state 

which would not  e f f e c t i v e l y  increase t h e  e l ec t ron  removal rate, conversely 

n o t  a l l  poss ib le  states have been spec t roscopica l ly  located.  

Recent spectroscopic  measurements" of t h e  10,8308 helium l i n e  emit ted 

by t h e  2 P + 2 S t r a n s i t i o n  i n  a t a n i c  helium i n  a recombining helium plasma 

have revealed t h a t  a majority of t h e  2 P atoms observed a t  t h e  h igher  pressures  

+ Absolute i n t e n s i t y  measure- ( ~ 3 0  mm Hg.) r e s u l t  from a recombination of H e  

ments of t h e  10,8301 emission w e r e  used t o  e s t a b l i s h  thil t  t h e  recombination 

c o e f f i c i e n t  c h a r a c t e r i s t i c  of t h e  process by which t h e  rnolccular ions were 

recombining and r e s u l t i n g  i n  t h e  subsequent Droduction of n e u t r a i  atoms w a s  

3 3 

3 

2 .  

3 5 2x10'~'- cm /sec aD 

a t  1800OK and 2x1Ol2 electrons/cm 3 . 
Whereas t h i s  value is q u i t e  small t o  be in t e rp re t ed  by d i s s o c i a t i v e  

recombination, comparison with Figure 3d shows t h a t  co l l i s iona l -d i s soc ia t ive  

recombination through a l e v e l  near  q = 4 could be expected t o  given an e l ec t ron  

removal rate of 

-11 3 aD = 10 cm /sec a t  2000OK. 

Consequently a d i s s o c i a t i v e  s ta te  having an energy a t  t h e  common equi l ibr ium 

in t e rnuc lea r  separat ion of t h e  bound molecular s ta tes  comparable t o  or  below 

t h a t  of t h e  four th  hydrogenic l eve l  would y i e l d  a co l l i s iona l -d i s soc ia t ive  re- 

combination rate i n  agreement w i t h  t h a t  experimental ly  determined. Since t h e  

states with one of t h e  poss ib le  A-values a r i s i n g  from t h e  combination He(1 1 S )  + 
3 H(2 PI, t h e  4pC, has not  been experimentally located,  such a r epu l s ive  state w i t h  
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the desired energy could exist. 

recombination rates, collisional-dissociative recombination offers a promising 

alternative to dissociative recombination in the explanation of the dissociation 

observed in decaying helium plasmas. 

Consequently at least on the basis of 
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of approximations used i n  evaluating t h e  Q.. (see Fef .  6 ) .  Those employed 

here  w e r e  chosed t o  give the  smallest  Q. .  i n  an effor t  t o  avoid overestimat- 

ing  t h e  effects of t h e  inc lus ion  of a d i s soc ia t ing  l eve l .  

8. E. E. Ferguson, F. C. FehTenfeld, and A. L. S c h e l t e k o p f ,  Bull .  Am. 

Phys. SOC. l0, 187 (1965). 

9. G. Herzburg, Elolecular Spectra and Molecular S t ruc ture  (D. Van Nostrand 

Co., Inc., Princeton, New Jersey,  1950), p. 535-536. 

10. 

4n2 r a t h e r  than t h e  hydrogenic 2n . 

1 3  

17 

The e l ec t ron ic  degeneracy of the  nth state of molecular helium is 

2 This of course w i l l  have no e f f e c t  on 

t h e  inelast ic  and s u p e r e l a s t i c  c o l l i s i o n  rates between bound l e v e l s  and 

s ince  t h e  i o n i c  degeneracy is  2 r a t h e r  than the  hydrogenic un i ty  t h e  rates 

between bound and free s t a t e s  a r e  s imi l a r ly  unaffected.  

arises with t h e  d i s soc ia t ive  l e v e l  i n  t h a t  t h e  discussion of t h e  s i n g l e  d is -  

The only variance 

s o c i a t i v e  state must be considered t o  apply l i t e r a l l y  t o  a doubly degenerate 

s t a t e  instead.  With t h i s  understanding t h e  t h e o r e t i c a l  r e s u l t s  could be 

expected t o  apply t o  molecular helium. 

11. 

See: C. B. Col l ins  and W. W. Robertson, Bu l l .  Am. Phys. SOC. 10 189 (1965). 

This w a s  reported a t  t h e  17th Caseous Elec t ronics  Conference (1965). 
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CAPTIONS 

FIGURE 1 L e f t :  

showing t h e  hydrogenic spacing i n  energy of t h e  v ib ra t ion le s s  ground state 

The hypothet ical  po ten t i a l  curves used i n  these  ca l cu la t ions  

of  each e l e c t r o n i c  s t a t e .  

Right: The equivalent  energy l e v e l  diagram. I n  t h i s  case the  

tL:-a lllbu .=qul.alent --..... hydzgen ic  l s v e l  hts been assu.ed tn he dissociative,  

FIGURE 2 The co l l i s iona l - r ad ia t ive  recombination rate i n  t h e  absence of a 

d i s soc ia t ing  l e v e l  as a funct ion of t he  number of bound quantum l e v e l s  con- 

s idered  i n  t h e  ca l cu la t ions  for an e lec t ron  temperature of 250°K and a dens i ty  

of l o l o  electrons/cm 3 

FIGURE 3 

.-collisional-dissociative rate, aD, for  var ious values  of q, t h e  p r i n c i p a l  

quantum number of t h e  d i s soc ia t ing  l eve l ;  --- co l l i s iona l - r ad ia t ive  rate, 

aCR,  i n  t he  absence of a d issoc ia t ing  l e v e l ,  

( a )  250OK; (b) 500OK; ( c )  1000OK; ( d )  2000OK. 

Calculated recombination rates as func t ions  of electron densi ty:  

Electron temperatures are: 

FIGURE 4 

-total  e l ec t ron  removal rate, Q T ~ ~ ~ ~ ~  f o r  var ious  values  of q, t h e  p r i n c i p a l  

quantum number of t h e  d i s soc ia t ing  l eve l ;  --- co l l i s iona l - r ad ia t ive  rate, aCR, 

i n  t h e  absence of a d i s soc ia t ing  level .  

( b )  500OK; ( c )  1000OK; ( d )  2000OK. 

Calculated recombination rates as func t ions  of e l ec t ron  densi ty:  

E lec t ron  temperatures are: (a )  250OK; 

FIGURE 5 

recombination a t  e lec t ron  temperatures of 2000OK and 1013 electrons/cm3 

(a )  --- populations expected i n  systems including a d i s soc ia t ing  l e v e l  a t  q = 4; 

-populations expected i n  t h e  absence of d i s soc ia t ing  levels;  ( b )  --- popula- 

t i o n s  expected i n  systems including a d i s soc ia t ing  l e v e l  a t  q = 6; -populations 

expected i n  t h e  absence of d i s soc ia t ing  l eve l s .  

Calculated populations of exc i ted  s t a t e s  produced by electron-ion 
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FIGURE 6 Calculated co l l i s iona l -d i s soc ia t ive  recombination rate as a func t ion  

of AD, t h e  r a t e  c o e f f i c i e n t  for spontaneous d i s soc ia t ion  of t h e  qth l e v e l ,  ' and paramet r ica l ly  a s  a funct ion of q. 

FIGURE 7 Calculated t o t a l  e lec t ron  removal rate as a funct ion of t h e  e f f e c t i v e  

quantum number a t  which d issoc ia t ion  is  assumed t o  occur for an e l ec t ron  

temperature of 2000OK and 1013 electrons/cm . 
d i s soc ia t ing  state with continuously varying e f f e c t i v e  quantum number; -.- 
r e s u l t s  for  a d i s soc ia t ing  l e v e l  w i t h  hydrogenic degeneracy and i n t e g r a l  quantum 

numbers. 

3 
,-A r e s u l t s  f o r  a non-degenerate 
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